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We present a first-principles approach for computing the phonon-limited T1 spin relaxation time
due to the Elliott-Yafet mechanism. Our scheme combines fully-relativistic spin-flip electron-phonon
interactions with an approach to compute the effective spin of band electrons in materials with
inversion symmetry. We apply our method to silicon and diamond, for which we compute the
temperature dependence of the spin relaxation times and analyze the contributions to spin relaxation
from different phonons and valley processes. The computed spin relaxation times in silicon are in
excellent agreement with experiment in the 50−300 K temperature range. In diamond, we predict
intrinsic spin relaxation times of 540 µs at 77 K and 2.3 µs at 300 K. Our work enables precise
predictions of spin-phonon relaxation times in a wide range of materials, providing microscopic
insight into spin relaxation and guiding the development of spin-based quantum technologies.

Introduction. Spin relaxation in centrosymmetric
crystals primarily occurs through the Elliott-Yafet (EY)
mechanism [1, 2], in which spin decoherence can be medi-
ated by electron-phonon (e-ph) or electron-defect inter-
actions. Phonons typically dominate EY spin relaxation
near room temperature, and often limit the performance
of spin-based devices in spintronics [3–5] and quantum
technologies [6–9]. Recent advances are pushing spin ma-
nipulation to new frontiers [10–13], so understanding in
detail how electron spins interact with phonons is impor-
tant for both technological and fundamental reasons.

Accurately predicting spin-phonon relaxation pro-
cesses remains an open problem, particularly due to the
challenge of quantifying spin-flip e-ph interactions [2].
Calculations of EY spin relaxation have mainly relied on
empirical models [14, 15] and symmetry analysis [16–19],
yet these approaches are laborious even for simple ma-
terials and not geared toward quantitative predictions.
Attempts have also been made to study spin relaxation
from first principles by assuming a direct proportional-
ity between spin-flip and momentum-scattering e-ph in-
teractions [20], or between spin-flip and momentum re-
laxation times [21]. However, these assumptions hold
only for simple model potentials [22–24] as the spin-flip
and momentum-scattering processes can differ greatly de-
pending on the electronic wave function, spin texture and
phonon perturbation [19, 25].

Recently developed first-principles methods for com-
puting e-ph interactions and relaxation times [26] are
promising for studying EY spin-phonon relaxation. Their
typical workflow [27] involves density functional theory
(DFT) calculations of the ground state and electronic
band structure, combined with density functional per-
turbation theory (DFPT) [28] to compute the phonon
dispersions and e-ph perturbation potentials, followed by
interpolation of the e-ph coupling matrix elements to fine
Brillouin zone (BZ) grids. However, this workflow cannot
be applied as is to investigate spin-flip e-ph interactions
because the spin information is lost when one computes

the e-ph matrix elements. For example, the electronic
states in centrosymmetric crystals are at least two-fold
degenerate, and their spin points in an arbitrary direction
due to the freedom in describing the degenerate subspace.
Computing spin-phonon interactions ab initio, especially
in the presence of spin-orbit coupling (SOC) and spinor
wave functions, remains an open challenge.

Here we present a first-principles method for com-
puting the spin-flip e-ph coupling matrix elements and
the T1 spin-phonon relaxation times (SRTs). Our ap-
proach assumes no relationship between the matrix ele-
ments for spin-flip and momentum scattering, and treats
spinor wave functions and SOC through fully-relativistic
DFT and DFPT calculations [29]. These advances en-
able accurate calculations of SRTs and shed light on mi-
croscopic details of spin-phonon interactions. We apply
our method to investigate SRTs in two key materials
for spintronic and quantum technologies, silicon and di-
amond. Our predicted SRTs in silicon are in excellent
agreement with experiment between 50−300 K, while in
diamond, where SRT measurements are missing, we pre-
dict intrinsic-limit SRTs of roughly 0.5 ms at 77 K and
2 µs at 300 K. In both materials, we find that spin-flip
and momentum-scattering e-ph interactions differ widely
and are not directly proportional, and the temperature
dependence of the spin-flip and momentum relaxation
times also differ greatly. Our work demonstrates a pre-
cise first-principles approach for computing SRTs, high-
lighting the limits of widely used simplified analyses and
opening new avenues for microscopic understanding of
spin dynamics.

Spin-flip interactions. In centrosymmetric materi-
als, the Bloch states with band index n and crystal mo-
mentum k can be decomposed into effective up and down
spin states, denoted as ⇑ and ⇓, which diagonalize the Ŝz
operator in the Kramers degenerate subspace [1, 2, 30]:

〈nk⇑|Ŝz|nk⇑〉 = −〈nk⇓|Ŝz|nk⇓〉 ,
〈nk⇓|Ŝz|nk⇑〉 = 0.

(1)
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The key ingredients for computing the SRTs are the spin-
flip e-ph matrix elements [2],

gflip
mnν(k, q) = 〈mk + q⇓|∆V̂νq|nk⇑〉 , (2)

which quantify the probability amplitude to scatter from
an initial Bloch state |nk⇑〉 to a final state |mk + q⇓〉
with opposite effective spin, by emitting or absorbing a
phonon with mode index ν and wave vector q due to the
Kohn-Sham potential perturbation ∆V̂νq [26], which is a
2× 2 matrix in spin space in the presence of SOC.

To compute the SRTs, we obtain the effective spin
states and from them the spin-flip e-ph matrix elements
gflip
mnν(k, q) on fine BZ grids. We calculate the effective

spin states from the spin matrix S(k), which provides a
matrix representation of the spin operator Ŝz in the wave
function basis [31], Sms′,ns(k) = 〈mks′|Ŝz|nks〉, where s
and s′ denote the spin. We diagonalize separately each
degenerate subspace in the spin matrix at each k-point,
obtaining the unitary matrices Dk that make each of the
subspaces in DkS(k)D†k diagonal, with eigenvalues equal
to the effective spin [32]. The spin-flip e-ph matrix ele-
ments, gflip

mnν(k, q), are then computed using Eq. (2) for
all pairs of states with opposite effective spin.

Interpolation. Since DFPT calculations of ∆V̂νq
on the fine BZ grids needed to converge the SRTs are
prohibitively expensive, we interpolate the spin-flip e-ph
matrix elements and spin matrices using Wannier func-
tions [33–35]. To obtain gflip

mnν(k′, q′) at a desired pair
of k′ and q′ points in the BZ, we first apply the usual
Wannier interpolation workflow [27, 36] to obtain the
e-ph matrix elements gss

′

mnν(k′, q′) between states with
arbitrary spins s and s′. The e-ph matrix elements
gσσ

′

mnν(k′, q′) coupling states with effective spins σ and
σ′ are then computed using the unitary matrix Dk′ (the
latter is obtained from Wannier interpolation of the spin
matrix [31]):

gσσ
′

mnν(k′, q′) =
[
Dk′+q′

]
mσ,ms

[
gss

′

mnν(k′, q′)
] [
D†k′

]
ns′,nσ′

.

(3)
The spin-flip e-ph matrix elements are finally computed
between all pairs of electronic states with opposite sign
of the effective spin. Our interpolation scheme can accu-
rately reproduce spin-flip e-ph matrix elements obtained
by combining effective spin states with perturbation po-
tentials computed directly with DFPT (see the Supple-
mental Material [37]), thus enabling precise calculations
of SRTs.

Spin relaxation times. The band- and k-dependent
spin-flip e-ph relaxation times, τflip

nk , are computed using
lowest-order perturbation theory [2],

1

τflip
nk

=
4π

~
∑
mνq

∣∣gflip
mnν(k, q)

∣∣2
[(Nνq + 1− fmk+q)δ(εnk − εmk+q − ~ωνq)

+ (Nνq + fmk+q)δ(εnk − εmk+q + ~ωνq)],

(4)

where εnk and ~ωνq are the electron and phonon ener-
gies, respectively, and fnk and Nνq the corresponding
temperature-dependent occupations. Converging the BZ
sum in Eq. (4) is challenging, especially since the spin-flip
e-ph matrix elements gflip

mnν(k, q) vary by several orders
of magnitude throughout the BZ. We develop an impor-
tance sampling method to efficiently converge τflip

nk (see
the Supplemental Material [37]).

The temperature-dependent SRT, τs(T ), is the main
physical observable computed in this work. It is obtained
as an ensemble average of the spin-flip relaxation times [2]
by tetrahedron integration [38]:

τs(T ) =

〈
1

τflip
nk

〉−1

T

=


∑
nk

1

τflip
nk

(
−dfnk
dE

)
dk

∑
nk

(
−dfnk
dE

)
dk


−1

.

(5)
Numerical methods. We apply our approach

to investigate spin relaxation in silicon and diamond.
We obtain their ground state and band structure us-
ing DFT with a plane-wave basis with the Quantum
ESPRESSO code [42]. Briefly, we use relaxed lattice
constants of 5.43 Å for silicon and 3.56 Å for diamond, to-
gether with a kinetic energy cutoff of 60 Ry for silicon and
120 Ry for diamond. We employ the PBEsol exchange-
correlation functional [43] and fully-relativistic norm-
conserving pseudopotentials [29] from Pseudo Dojo [44],
which correctly include the SOC. We use DFPT [28]
to compute the phonon dispersions and the perturba-
tion potential, ∆V̂νq in Eq. (2), on coarse q-point grids;
our in-house developed perturbo code [45] is employed
to compute the spin-dependent e-ph matrix elements on
coarse BZ grids [46]. The DFPT calculations are done
only in the irreducible q-point grid, following which we
extend the coarse-grid e-ph matrix elements to the full
q-point grid in perturbo by rotating the spinor wave
functions with SU(2) matrices. The Wannier functions
and spin matrices are computed with the Wannier90
code [31] and employed in perturbo to interpolate the
spin-flip e-ph matrix elements on fine BZ grids with up to
2003 k-points to converge the SRTs. The spin quantiza-
tion axis is chosen as the [001] direction [47]. We employ a
non-degenerate electron concentration of 7.4×1014 cm−3

for silicon, which is identical to the experimental value in
Ref. [40], and 1.0× 1017 cm−3 for diamond; in each case,
the Fermi energy is computed from the carrier concen-
tration. In this non-degenerate doping regime, the com-
puted SRTs are independent of carrier concentration.

Temperature-dependent SRTs. Figure 1(a) shows
our calculated SRT as a function of temperature in
silicon, which is in excellent agreement with experi-
ments [39–41] (see also Ref. [48]) at all temperatures be-
tween 50−300 K. For example, our calculated SRT at
room-temperature is 4.9 ns, versus a 6.0 ns value mea-
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FI G. 1. C o m p u t e d s pi n- p h o n o n r el a x a ti o n ti m e s a s a f u n c ti o n of t e m p e r a t u r e i n ( a ) sili c o n a n d ( b ) di a m o n d. T h e e x p e ri m e nt al
d a t a i n ( a ) a r e t a k e n f r o m R ef s. [ 3 9 – 4 1 ]. T h e l o w e r p a n el s s h o w t h e p r o c e s s- r e s ol v e d s pi n- fli p e - p h s c a t t e ri n g r a t e s, d e fi n e d
a s t h e i n v e r s e of τ s . S h o w n a r e t h e c o nt ri b u ti o n s f r o m i nt r a v all e y p r o c e s s e s ( bl u e li n e ), f p r o c e s s e s ( r e d li n e ) a n d g p r o c e s s e s
( g r e e n li n e ), w hi c h a d d u p t o t h e t o t al ( g r a y li n e ). T h e i n s e t i n ( a ) i s a s c h e m a ti c of t h e i nt r a v all e y a n d i nt e r v all e y p r o c e s s e s.

s ur e d b y L a n c a st er et al. [4 9 ]. T h e S R T i n sili c o n e x hi bit s
a n a p pr o xi m at e T − 3 t e m p er at ur e d e p e n d e n c e; t o e x pl ai n
it s ori gi n, w e a n al y z e i n Fi g. 1 ( a) t h e c o ntri b uti o n s fr o m
t h e t hr e e v all e y- d e p e n d e nt s c att e ri n g pr o c e s s e s, i n cl u d-
i n g t h e i ntr a v all e y a n d s o- c all e d g a n d f i nt er v all e y pr o-
c e s s e s, w hi c h c orr e s p o n d t o s c att eri n g b et w e e n v all e y s
al o n g t h e s a m e dir e cti o n ( g pr o c e s s e s) or al o n g di ff er-
e nt dir e cti o n s ( f pr o c e s s e s). We fi n d t h at t h e S R T s ar e
c o m p ar a bl e i n m a g nit u d e f or t h e t hr e e pr o c e s s e s at all
t e m p er at ur e s. T h e i ntr a v all e y pr o c e s s e s g o v er n s pi n r e-
l a x ati o n b el o w 6 0 K, w hil e f i nt er v all e y s c att eri n g d o m-
i n at e s at hi g h er t e m p er at ur e s.

D u e t o it s w e a k S O C a n d c orr e s p o n di n gl y l o n g S R T,
di a m o n d i s a pr o mi si n g m at eri al f or s pi ntr o ni c s a n d s pi n-
b a s e d q u a nt u m t e c h n ol o gi e s. H o w e v er, S R T m e a s ur e-
m e nt s h a v e n ot y et b e e n r e p ort e d i n di a m o n d d u e t o c h al-
l e n g e s r el at e d t o s pi n i nj e cti o n [5 0 ]. Fi g ur e 1 ( b) s h o w s
o ur c o m p ut e d S R T i n di a m o n d a s a f u n cti o n of t e m p er-
at ur e. We fi n d S R T s of 5 4 0 µ s at 7 7 K a n d 2. 3 µ s at
3 0 0 K; t h e s e v al u e s s et a n i ntri n si c li mit d u e t o p h o n o n s
t o t h e S R T s i n di a m o n d. T h e S R T e x hi bit s a T − 2 t e m-
p er at ur e d e p e n d e n c e b el o w ∼ 1 7 0 K a n d a str o n g er T − 5 .5

tr e n d a b o v e 1 7 0 K. T hi s tr e n d i s i n c o ntr a st wit h a pr e-
vi o u s pr e di cti o n [ 2 0 ] of a T − 5 t e m p er at ur e d e p e n d e n c e
t hr o u g h o ut t h e e ntir e t e m p er at ur e r a n g e a n d of a n or d er-
of- m a g nit u d e s m all er S R T of 1 8 0 n s at r o o m t e m p er a-
t ur e. R ef. [ 2 0 ] a s s u m e d a dir e ct pr o p orti o n alit y b et w e e n
t h e s pi n- fli p a n d m o m e nt u m- s c att eri n g e - p h m atri x el-

e m e nt s, b ut, a s w e s h o w b el o w, t hi s a s s u m pti o n i s i n
g e n er al i n c orr e ct a n d c a n l e a d t o i n a c c ur at e p h o n o n c o n-
tri b uti o n s t o t h e S R T. We a n al y z e t h e v all e y s c att eri n g
pr o c e s s e s i n di a m o n d i n Fi g. 1 ( b), a n d fi n d t h at t h e i n-
tr a v all e y pr o c e s s e s d o mi n at e b el o w 1 7 0 K, w hil e t h e i n-
t er v all e y f pr o c e s s e s d o mi n at e a b o v e 1 7 0 K.

S pi n - fli p v e r s u s m o m e nt u m s c att e ri n g. O ur
q u a ntit ati v e a p pr o a c h r e v e al s st ar k di ff er e n c e s b et w e e n
t h e s pi n- fli p a n d t h e m o m e nt u m- s c att eri n g i nt er a cti o n s.
Fi g ur e 2 c o m p ar e s t h e s pi n- fli p c o u pli n g m atri x el e m e nt s,
g fli p

ν (q ) , wit h t h e s pi n- fli p pl u s s pi n- c o n s er vi n g (i. e.,
m o m e nt u m- s c att eri n g) e - p h m atri x el e m e nt s, |g t o t

ν (q )|,
a n d r e s ol v e s t h eir r ati o f or di ff er e nt p h o n o n m o d e s. D e-
p e n di n g o n t h e p h o n o n br a n c h, w e fi n d t h at t h e s pi n- fli p
a n d m o m e nt u m m atri x el e m e nt s c a n di ff er b y s e v er al or-
d er s of m a g nit u d e, a s w e fi n d f or t h e l o n git u di n al a c o u s-
ti c ( L A) a n d l o n git u di n al o pti c al ( L O) br a n c h e s al o n g
Γ − X a n d f or t h e L O a n d f or s p e ci fi c tr a n s v er s e o pti c al
( T O- 1) a n d tr a n s v er s e a c o u sti c ( T A- 2) br a n c h e s al o n g
X − K − Γ. F or ot h er p h o n o n m o d e s a n d B Z dir e cti o n s, t h e
t w o q u a ntiti e s e x hi bit s m all er − y et q u a ntit ati v el y i m-
p ort a nt − di ff er e n c e s. O nl y i n s p e ci fi c c a s e s t h e s pi n- fli p
a n d m o m e nt u m- s c att eri n g i nt er a cti o n s ar e n e arl y i d e n-
ti c al, a s w e fi n d f or t h e T O- 2, T A- 1 a n d L A br a n c h e s
al o n g X − K − Γ. T h e s e tr e n d s ar e c o m m o n t o sili c o n a n d
di a m o n d. A n al o g o u s r e s ult s ar e f o u n d w h e n a n al y zi n g
v ari o u s i niti al a n d fi n al el e ctr o ni c st at e s [ 3 7 ].

L a stl y, w e c o m p ar e t h e s pi n- p h o n o n a n d m o m e nt u m
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FI G. 2. P h o n o n di s p e r si o n s i n sili c o n a n d di a m o n d, o v e rl ai d
wi t h a c ol o r m a p of t h e r a ti o g fli p

ν ( q ) / g t o t
ν ( q ) b e t w e e n t h e

s pi n- fli p a n d t h e m o m e nt u m- s c a t t e ri n g e - p h m a t ri x el e m e nt s.
T h e t w o m a t ri x el e m e nt s di ff e r b y o r d e r s of m a g ni t u d e f o r
t h e b r a n c h e s s h o w n i n r e d. T h e d a t a s h o w n a r e t h e s q u a r e
r o o t of t h e g a u g e-i n v a ri a nt t r a c e of |g |2 f o r a l o w- e n e r g y s pi n-
d e g e n e r a t e c o n d u c ti o n b a n d [ 3 7 ]. T h e i ni ti al el e c t r o n m o m e n-
t u m i s s e t t o t h e Γ p oi nt a n d w e pl o t t h e r a ti o f o r p h o n o n
w a v e v e c t o r s q al o n g a hi g h- s y m m e t r y B Z li n e.

r el a x ati o n ti m e s. T h e m o m e nt u m r el a x ati o n ti m e τ p i s
d e fi n e d a s t h e u s u al ( s pi n-i n d e p e n d e nt) e - p h r el a x ati o n
ti m e [ 2 6 ], t h er m all y a v er a g e d u si n g E q. (5 ) t o m a k e t h e
c o m p ari s o n m e a ni n gf ul. T h e c o n v e nti o n al wi s d o m i s t h at
s pi n a n d m o m e nt u m r el a x ati o n ti m e s ar e dir e ctl y pr o-
p orti o n al [ 1 , 2 2 ], a n a s s u m pti o n t h at h a s b e e n wi d el y
u s e d t o a n al y z e s pi n r el a x ati o n m e c h a ni s m s i n e x p eri-
m e nt al d at a [ 5 1 – 5 6 ]. Fi g ur e 3 s h o w s t h e t e m p er at ur e d e-
p e n d e nt s pi n a n d m o m e nt u m r el a x ati o n ti m e s i n sili c o n
a n d di a m o n d. I n sili c o n, t h e S R T f oll o w s a T − 3 t e m-
p er at ur e d e p e n d e n c e, w h er e a s t h e m o m e nt u m r el a x ati o n
ti m e f oll o w s a T − 2 tr e n d. I n di a m o n d, t h e S R T m a k e s
a s h ar p tr a n siti o n fr o m a T − 2 tr e n d at l o w t e m p er at ur e
t o a str o n g er T − 5 .5 tr e n d a b o v e 1 7 0 K. I n c o ntr a st, t h e
m o m e nt u m r el a x ati o n ti m e e x hi bit s a m u c h w e a k er t e m-
p er at ur e d e p e n d e n c e, r o u g hl y T − 1 .5 at l o w t e m p er at ur e
a n d T − 2 .5 n e ar r o o m t e m p er at ur e.

T h er e i s n o di s c er ni bl e dir e ct pr o p orti o n alit y b et w e e n
t h e s pi n a n d m o m e nt u m r el a x ati o n ti m e s − r at h er, t h e y
b ot h e x hi bit a n a p pr o xi m at e T − n t e m p er at ur e d e p e n-
d e n c e, b ut wit h di ff er e nt v al u e s of t h e e x p o n e nt n ( s e e
Fi g. 3 ). T h e s e di ff er e n c e s ori gi n at e fr o m t h e di ff er e nt
c o u pli n g str e n gt h s a n d p h o n o n m o d e c o ntri b uti o n s, a s
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FI G. 3. C o m p a ri s o n b e t w e e n t h e t e m p e r a t u r e d e p e n d e n c e of
t h e S R T ( g r a y s q u a r e s ) a n d t h e m o m e nt u m r el a x a ti o n ti m e
( r e d ci r cl e s ) i n sili c o n a n d di a m o n d. T h e l a b el s gi v e t h e e x p o-
n e nt n of t h e S R T t e m p e r a t u r e d e p e n d e n c e, T − n , s e p a r a t el y
f o r e a c h of t h e s pi n a n d m o m e nt u m r el a x a ti o n ti m e s. N o t e
t h a t t h e S R T s a r e i n n s u ni t s, a n d t h e m o m e nt u m r el a x a ti o n
ti m e s i n f s u ni t s.

w e ill u str at e i n Fi g. 2 . F or e x a m pl e, w e fi n d t h at f or
m o m e nt u m s c att eri n g i n di a m o n d t h e i ntr a v all e y pr o-
c e s s e s d o mi n at e o v er t h e e ntir e t e m p er at ur e r a n g e u p
t o 4 0 0 K, a s o p p o s e d t o j u st b el o w 1 7 0 K a s w e s h o w
a b o v e f or s pi n r el a x ati o n ( s e e t h e S u p pl e m e nt al M at e-
ri al [ 3 7 ]). Si m pl e f or m ul a s s u c h a s t h e Elli ott a p pr o xi-
m ati o n [ 1 ], τ s = τ p / 4 b 2

T
, w h er e b 2 i s t h e s pi n- mi xi n g

p ar a m et er [ 2 4 , 5 7 ], al s o f ail i n b ot h m at eri al s [3 7 ]. We
c o n cl u d e t h at a r eli a bl e a n al y si s of S R T s n e e d s at o mi sti c
c al c ul ati o n s t h at t a k e i nt o a c c o u nt t h e di ff er e nt n at ur e of
t h e s pi n- p h o n o n a n d m o m e nt u m- s c att eri n g e - p h i nt er a c-
ti o n s, u si n g a c c ur at e s pi n- fli p e - p h m atri x el e m e nt s.

Di s c u s si o n. Si n c e S R T c al c ul ati o n s i n v ol v e a s u b-
tl e i nt er pl a y b et w e e n s pi n- fli p e - p h m atri x el e m e nt s a n d
p h o n o n s a n d el e ctr o ni c st at e s, t h e r el ati v e m a g nit u d e of
t h e s pi n- p h o n o n i nt er a cti o n s f or di ff er e nt p h o n o n m o d e s
i s of p ar a m o u nt i m p ort a n c e f or a c c ur at e pr e di cti o n s. O ur
r e s ult s s h o w t h at t h e wi d el y u s e d pr o p orti o n alit y b e-
t w e e n s pi n a n d m o m e nt u m r el a x ati o n ti m e s c a n b e i n-
a c c ur at e, hi g hli g hti n g t h e n e e d f or at o mi sti c d et ail s s u c h
a s t h e el e ctr o ni c w a v e f u n cti o n, s pi n t e xt ur e, p h o n o n
m o d e s a n d t h eir m o d e- d e p e n d e nt s pi n- fli p i nt er a cti o n s.
W h e n t h e s e mi cr o s c o pi c d et ail s ar e c a pt ur e d, a s w e h a v e
s h o w n a b o v e, o n e c a n pr e di ct t h e S R T s wit hi n ∼ 1 0 − 2 0 %
of e x p eri m e nt o v er a wi d e t e m p er at ur e r a n g e, a n d pr e-
di ct w hi c h p h o n o n m o d e s g o v er n s pi n r el a x ati o n. W hil e
c o m p uti n g e - p h i nt e r a cti o n s a n d c arri er r el a x ati o n h a s
b e c o m e a m ai n e ff ort i n fir st- pri n ci pl e s c al c ul ati o n s [ 5 8 –
6 2 ], S R T c al c ul ati o n s ar e still i n t h eir i nf a n c y, a n d m or e
w or k i s n e e d e d t o e x p a n d t h eir s c o p e b e y o n d t h e E Y
m e c h a ni s m di s c u s s e d h er e.

C o n cl u si o n. I n s u m m ar y, w e h a v e d e v el o p e d a q u a n-
tit ati v el y a c c ur at e a p pr o a c h f or c o m p uti n g s pi n- fli p e - p h
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interactions and SRTs due to the EY mechanism. The
workflow proposed in this work is general − it can be
adapted to different perturbation potentials, including
perturbations from defects [63, 64], through which one
could study spin-flip and other defect-induced spin scat-
tering processes. Our approach can be applied broadly
to study spin relaxation in materials for spintronics and
magnetism, and in topological materials. It can also be
extended to treat spin states localized at ions or defects.
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van Wees, Phys. Rev. B 86, 161416(R) (2012).

[53] S. Bandyopadhyay, Phys. Rev. B 81, 153202 (2010).
[54] W. Han, J.-R. Chen, D. Wang, K. M. McCreary, H. Wen,

A. G. Swartz, J. Shi, and R. K. Kawakami, Nano Lett.
12, 3443 (2012).

[55] G. Stecklein, P. A. Crowell, J. Li, Y. Anugrah, Q. Su,
and S. J. Koester, Phys. Rev. Appl. 6, 054015 (2016).

[56] C. Guite and V. Venkataraman, Appl. Phys. Lett. 101,
252404 (2012).

[57] B. Zimmermann, P. Mavropoulos, S. Heers, N. H. Long,
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